For the development of a new-generation training system for spinal surgery, an iterative development cycle based on four steps was used. By using (i) empathy, (ii) cognitive model, (iii) prototyping and testing, and (iv) validation, an interdisciplinary development team was able to successfully build and validate a training system for lumbar disc surgery. The training system consists of a realistic training model based on synthetic materials and an accompanying training concept. It allows the training of different scenarios, starting from basic surgical tasks to complex surgeries with different complications. This article describes the development process and the results of the validation of the training system.
Introduction
Nowadays, surgical training is mainly based on observations in the operating room (OR) and the slow but steady takeover from experienced surgeons. This type of training is time consuming as many interventions are needed to gain a certain level of experience. 1, 2 However, this type of training can be improved. The training on body donors does compare to a real surgical environment, but lacks bleeding and suffers from post-mortem tissue changes. Furthermore, increasingly complex technologies in the OR demand new and more sophisticated surgical training solutions with replicable pathological findings.
To enhance and accelerate the learning process in surgical training, the aim was to develop a new kind of surgical training model for lumbar disc surgery and an accompanying didactic training concept, 3, 4 in which residents can learn various surgical techniques and complications. Additionally, the simulator can be used to test new surgical instruments and medical devices.
The design and development approach used is based on user-centered design rather than the typical development process based on focus group analysis, marketing data, or requirement specifications (e.g. V-Model). 5 The chosen user-centered design approach is a mixture of the design thinking method and cognitive task analysis. [6] [7] [8] [9] The aim was not only to develop a new training model but a training system that (i) provides a realistic haptic and visual feeling of the anatomical structures, (ii) allows the usage of real surgical instruments, (iii) simulates realistic workflow, (iv) enables scenario-based training, and (v) facilitates constructive feedback throughout the training process. Such an approach was realized in other scenarios by attempting virtual reality (VR) simulations. 10 The lack of haptic feedback in VR simulations and the need for use of real surgical instruments may be two reasons why body donor training is still considered the gold standard. But training on cadavers also has some drawbacks: availability, changed visual and haptic properties due to decay processes, degenerated structures from elderly donors, and ethical concerns. Furthermore, cadavers with a specific pathology are rarely or not available and thus prevent the training of difficult cases in sufficient large quantities.
To realize a holistic solution for surgical training, an iterative design and development approach and a team consisting of surgeons, industrial designers, psychologists, educators, and engineers was required. The joint development in an interdisciplinary team combines two advantages: each team member provides his or her own perspective and experiences to the problem and there is a cross-disciplinary knowledge exchange; thus the team is more efficient in providing innovative solutions.
Iterative design and development cycle
In order to meet the surgeons needs and desires it is crucial to delve deep into their roles and to understand their problems as well as look at these problems from different perspectives. This was done during the empathy and cognitive modeling phases. The gathered information was used to generate ideas, which were then developed quickly as prototypes and tested with the target user. The whole new product or service is then tested with the end user. The iterative design and development cycle ( Figure 1 ) is therefore based on four continuously repeating tasks: (i) empathy; (ii) cognitive model; (iii) prototyping and testing; and (iv) validation.
Empathy
One of the most important challenges when dealing with complex problems is empathy. 11 This first step is used to familiarize each development team member with the basic processes and tools in the OR in order to be able to understand the problem completely. This can be a very timeconsuming and challenging task, especially in the medical domain and depending on the knowhow of each team member. The goal is to gain explicit knowledge about the main problems and their inter-relationships. This can be achieved by different methods. For the development of the training system for decompression of a lumbar disc herniation, the first step was literature research to understand the anatomical structures, basic medical terms, and surgical procedures. Such information forms the basis for further investigation. Subsequently, in the second step, many different observations with systematic observation protocols in the OR were performed at the University Hospital for the specific procedure. The workflow was recorded and combined with observations regarding surgical instruments, complications, and anomalies. For detailed analysis, microscope videos from each operation were kept.
Cognitive model
Through the observations in the empathy step, explicit knowledge is mainly collected. By only monitoring behavior, fundamental problems can be identified but often not analyzed in detail. Therefore implicit knowledge is necessary. Especially in the medical and surgical domain, knowledge is highly based on experiential knowledge. This kind of knowledge is often so ingrained, that complex processes or decisions can barely be explained. To gain access to this kind of knowledge, a technique called cognitive task analysis (CTA) was used. 8, 9 The observed information from the empathy step is the foundation of the CTA, which is used to create questionnaires for in-depth interviews. Of particular interest were the sequences when complications or anomalies occurred and those derived from the standard operating procedure. Additionally, key aspects for the surgical training system were identified from the OR observations by the development team and evaluated by the surgeons. In total, 17 interviews were carried out with surgeons each with different levels of education (resident to expert surgeon) in order to analyze the important procedural steps and specific challenges. 12 
Prototyping and testing
Prototyping is one of the most important steps in the design and development process. On one hand, the prototype is used to quickly verify the feasibility of an idea. On the other hand, a prototype is a very powerful communication instrument in interdisciplinary teams to find a common language and to discuss further solutions. The slogan ''a picture is worth a thousand words, but a prototype is worth a thousand pictures'' has been confirmed as one of the most successful communication tools between surgeons, designers and engineers throughout the design and development process in the project.
To be able to quickly iterate, the project was broken down into smaller problem sets. From the surveys in the empathy and cognitive modeling steps, the different anatomical structures were identified. With the help of the clinical partners, the tactile and visual properties of the different anatomical structures were determined. First, haptic impressions were obtained by tests and interviews in the Institute of Anatomy. Material samples of the different tissues were developed using synthetic and organic materials (epoxy, polyurethane, silicone, latex, gelatin, etc.) and diverse additives (flocks, cotton and synthetic fabrics, etc.). These material samples were continuously validated by surgeons and anatomists and modified according to their suggestions. Thereby, surgeons were also able to validate each material with surgical instruments to match with the real tissues. Now that the tactile and visual properties of the necessary structures had been identified, the shapes of the anatomical structures were important. The required structures were segmented from MRI data and optimized with FreeformÒ Modeling Software (Geomagic GmbH, Stuttgart, Germany). This software tool allows the modification of anatomical structures to apply specific anatomical changes that may be useful for simulation of different anatomical situations during surgery.
The modified structures were then printed on a threedimensional (3D) printer (Objet Ltd., Israel) as a molding form, since the material from the 3D printer does not match the necessary visual and tactile properties. The actual structure is then manufactured with the previously determined and validated materials. The individual structures were re-validated several times prior to final assembly.
The manufacturing of prototypes combined with the instant validation of tactile and visual properties allows a very quick and precise development and refinement towards a sufficient anatomical structure.
The entire iterative process of observation, interviewing, brainstorming, prototyping, and testing until the user is satisfied with the outcome is pictured in Figure 2 . In an interdisciplinary team, the different education, experiences and perspectives can lead to innovative solutions. But what might seem as an advantage for problem solving processes can easily turn into a communication problem. Prototyping ensures that the initial idea turns into the right solution and validation with the user ensures acceptance.
Validation
Validation is used to test the new product or service with the end user under real conditions and to verify the interaction of each component. For the developed training system, consisting of a surgical simulator and a training concept, a workshop was conducted with four novice surgeons (trainees). The workshop consisted of a briefing, hands-on surgery, and a debriefing.
During the initial step of briefing, the trainees received a short introduction to the fundamental theoretical tasks and time course of lumbar disc surgery. In a second step, the lumbar disc surgery was performed on the developed training model by an experienced surgeon who explained each step. The first task for the trainees was to familiarize themselves with the case which is based on a simulated patient record and CT images. Subsequently, the trainees had to carry out a patient pre-operative interview with a patient actor followed by the operation in teams of two on the simulator. Each team member performed the operation twice, once as the surgeon and once as the resident surgeon ( Figure 3 ). In all training sessions, the trainees were monitored by experienced surgeons and the microscopic view was recorded on video.
At the debriefing phase, each operation was evaluated based on the video and audio recordings, where each trainee was provided with constructive hints and feedback.
Surgical training system and face validity results of anatomical structures
During the observations (empathy phase) in the OR, it became obvious that not only the correct modeling of the Figure 2 . An iterative rapid prototyping process allows a continously testing of ideas and provides a good method to communicate problems and solutions in an interdisciplinary team. anatomical structures and their tactile feeling would lead to a successful training system. While bleeding was never a feature requested by the surgeons, the observers quickly noted that bleeding resulted in a permanent interruption of the actual surgery and even increased the stress level in some cases where the bleeding source was not found immediately. Therefore, a sophisticated intra-operative bleeding system and additional sensors seemed necessary to improve the training. In the cognitive modeling phase (CTA), the need for an intra-operative bleeding system was confirmed by the surgeons. Furthermore a sensor system has been developed and integrated into the model to monitor forces and possible damages that are applied to the sensitive neural and dural structures. 4 The current surgical training model consists of two vertebrae (L4/L5), an intervertebral disc, laminae, epidural connective tissue, dural sac, and nerve roots. The intraoperative bleeding system provides diffuse bleeding, thus increasing the reality of an intraoperative situs and the complexity of the training scenario ( Figure 4 and Figure 5 ). More details about the bleeding system can be found in the paper by Korb et al. 3 The sensor system monitors the forces during preparation of the nerve root and pressure to the dura ( Figure 6 ). This provides a medical trainer or even a trainee with better feedback and facilitates the trainee in learning preparation techniques without harming the neural and dural structures.
In order to validate the training system, the face validity was assessed. Face validity addresses the question, to what extent does the training system simulate the real patient and the surgical situation. 13 Therefore, each participant in this study conducted a simulated training with the developed training system. Then the participant filled out a nine-page, 15-item standardized questionnaire about the haptic and visual properties of the different anatomical structures, the intraoperative bleeding, as well as general feedback about the overall system including suggestions for improvement. For the first validations, experienced surgeons were asked for feedback. Expert opinion is represented by surgeons having performed more than 100 disc surgeries. In Table 1 , results from the questionnaires by four expert surgeons, assessing the visual and haptic properties of selected anatomical structures, are given. Most of the anatomical structures have been evaluated as 'realistic' or 'rather realistic'. The reality of the haptic feedback is considered to be very realistic or realistic. In cases with a lower assessment, the properties of the structure will be revised.
Discussion
Many process models were developed for mechatronic systems and software development (e.g. V-Model). 5 Mostly they are designed purely for technical applications. The user-centered heuristic approach, which was used to build the surgical training model, is intended for the development of interactive systems, where the user with their tasks, objectives, and specific characteristics is at the center of the development process. It is not limited to technical systems and has its strengths in rapid prototypes and quick iterative redesigns, especially when different parameters cannot be expressed in physical quantities. This approach has proven to be very effective in the development of different artificial materials that simulate various types of tissues. Valuable time, which is normally used to create test cases, has been used to evaluate and to discuss the various prototypes together with product designers, engineers, and surgeons. Since the users (surgeons) were practically involved in the entire development process, instant feedback was possible and negative developments were quickly adjusted.
The training system based on various synthetic materials has distinct advantages compared to purely virtual systems. It is not limited to particular surgical instruments and provides realistic feedback when surgeons cut, drag, pull, tear, draw, stretch, drill, punch, or shave structures. Since a complete area of the situs has been modeled, the training system can also be used for the evaluation of new surgical instruments or methods, ergonomic studies or implant placement training. Due to not having any hygienic concerns it can be used outside of the OR environment, e.g. in conference rooms. The rapid prototyping process allows for the quick modification of structures, thus enabling virtually any pathology. Compared with cadavers, plastic-based surgical training systems are available anytime and anywhere and can be reproduced with special pathologies for unique training conditions. Further studies will show how this concept contributes to the improvement of surgical training.
